Increasing maritime traffic in the Arctic has heightened the oil spill-related risks in this highly sensitive environment. To quantitatively assess these risks, we need knowledge about both the vulnerability and sensitivity of the key Arctic functional groups that may be affected by spilled oil. However, in the Arctic these data are typically scarce or lacking altogether. To compensate for this limited data availability, we propose the use of a probabilistic expert elicitation methodology, which we apply to seals, anatids, and seabirds. Our results suggest that the impacts of oil vary between functional groups, seasons, and oil types. Overall, the impacts are least for seals and greatest for anatids. Offspring seem to be more sensitive than adults, the impact is greatest in spring, and medium and heavy oils are the most harmful oil types. The elicitation process worked well, yet finding enough skilled and motivated experts proved to be difficult.
Introduction
The possibility of a major oil spill in the Arctic's marine areas has become a global matter of concern as maritime traffic increases as a result of decreasing ice cover. The unique and sensitive Arctic marine environment is already under pressure due to climate change (for example ACIA, 2004; Kelmelis, 2011; Arctic Council, 2016) , and oil spills are considered to be the most significant threat posed by increased Arctic maritime traffic (Arctic Council, 2009 ). At present, there are no effective means of collecting oil from ice-filled waters (Arctic Council, 2009; Transportation Research Board, National Research Council, 2014) , and oil decomposes slowly in cold environments (Fingas and Hollebone, 2003; Afenyo et al., 2016) . Ergo, the effects of spilled oil in Arctic marine areas are likely to be unpreventable and prolonged.
Understanding the likely effects of Arctic oil spills is necessary to minimize the risks they pose to the environment. For example, improved understanding could allow shipping routes to be designed based on the spatially and temporally varying risk to an ecosystem. Similar approaches for risk management have been suggested for the Baltic Sea (for example, Kokkonen et al., 2010; Helle et al., 2011) , but the methods used are not, as such, suitable for Arctic, where a lack of data complicates the process of predicting the likelihood of oil spills and their impacts. At best, we have rough estimates of Arctic species' distributions and the potential effects oil may have on them, but we should not assume that the potential presence of biota alone increases the risk in an area (Nevalainen et al., 2017) . The impacts of oil have only been studied for the few Arctic marine species on which laboratory experiments are possible to conduct (for example Hannam et al., 2010; Jonsson et al., 2010; Andersen et al., 2015 , see also Albers, 1998) , and only very general syntheses of the likely effects have been reported for other species (AMAP, 2010) . Moreover, based on our extensive literature review, the existing studies generally disregard the role of seasonality and often fail to consider the great uncertainties related to the topic.
To quantitatively assess the risk to an ecosystem, we need to know both the vulnerability and sensitivity of the biota living in it. In this context, vulnerability refers to animals' probability of encountering spilled oil, and sensitivity refers to probability of death due to that encounter (similar to Lee et al., 2015 p. 249-250 and references therein). However, data on both variables are lacking (AMAP, 2010; AMAP/CAFF/SDWG, 2013; Nevalainen et al., 2017) and uncollectable for ethical reasons. For example, purposefully spilling oil in Arctic marine areas or smudging polar bears with oil in a laboratory would be, at the very least, a dubious practice and probably illegal as well. Hence, we lack experimental and empirical evidence on vulnerability and sensitivity of Arctic marine species to oil and for most of these species (particularly marine mammals and birds), it is not feasible to collect experimental data. Moreover, we do not wish to see empirical evidence from real accidents. Even if an oil spill were to occur, extrapolating general Arctic oil spill impacts from a single accident would be problematic (see Paine et al. (1996) for lessons learned from Exxon Valdez oil spill in sub-Arctic Alaska).
To overcome the problem of lacking and uncollectible data, we suggest the use of expert knowledge in estimating the vulnerability and sensitivity of Arctic biota. Expert elicitation is a method of formally obtaining expert knowledge on the subject of study and it has been increasingly used in ecological analyses when empirical data are lacking or limited (Kuhnert et al., 2010) . Expert elicitation has also been used in oil spill studies (for example by Merrick et al. (2000) for accident frequency; Lecklin et al. (2011) for biological impacts of oil spills; van Dorp and Merrick (2011) for accident probabilities; Montewka et al. (2013) for oil spill clean-up costs; Valdez Banda et al. (2015) for human error in winter navigation, and Fingas (2017) for probability of a wreck in an oil carrying ship). However, expert elicitation has not yet been used in estimating (probabilistically) the impacts of oil spill on Arctic species. We introduce a probabilistic approach for remotely implemented expert elicitation, demonstrate the framework with three Arctic species groups (seals, anatids, and seabirds), and discuss how the results can be analyzed and interpreted.
The aims of the study are to improve our understanding of the vulnerability and sensitivity of Arctic species to oil spills, to test the use of expert knowledge in data-poor Arctic region, and to examine the quantity and quality of data obtained. We aim to provide a comprehensive and practical description of the topic, which offers relevant information, especially in the oil spill risk assessment and management context. The novelty of the study arises from multiple sources: not only is this the first attempt to use expert knowledge to quantitatively assess the impacts of oil spills on Arctic species, but it is also the first study of the potentially great impact of seasonality on the vulnerability and sensitivity of Arctic marine species. Moreover, we pay special attention to the uncertainties related to the topic by assessing vulnerability and sensitivity as probability distributions, which enhances their viability for use in risk assessment compared to the common practice of using single values (e.g. ESI: Petersen et al., 2002; SIMAP: French-McCay, 2004 ).
The paper is structured as follows: First, we briefly introduce the basic elements of Arctic oil spill risk assessment and the role of the vulnerability and sensitivity of biota in it. Then, we present how we executed the expert elicitation. Next, we go through the most relevant results, paying special attention to the consensus of experts, and quantity and quality of the results. Moreover, we discuss the suitability of the method in the context of the data-poor Arctic and highlight how our results can be used in holistic risk assessment to compensate for current knowledge gaps. Lastly, we conclude with the lessons we have learned from this process.
Oil spill risk assessment in the Arctic

Vulnerability and sensitivity
In our approach, the term "vulnerability" refers to an individual's probability of encountering oil when living within an oiled area and the term "sensitivity" to the individual's probability of death if oiled (similar to Lee et al., 2015 p. 249-250 and references therein) . These are key variables in oil spill risk assessment (Fig. 1) , since the expected proportion of individuals that die within the oiled area as a direct result of the oil, is a product of their vulnerability and sensitivity to it (Nevalainen et al., 2017) , i.e., they are the components that constitute the acute impact oil has on different species.
There are two reasons to consider the acute impact of oil spills on biota through these two components. Firstly, both vulnerability and sensitivity vary between species groups, as they are exposed to oil in different ways, have different tolerance levels, and varying ability to avoid oil (AMAP/CAFF/SDWG, 2013). Some species may be able to avoid oil actively (see for example Rice, 1973; Lipcius et al., 1980; Engelhardt, 1983; Bohle, 1986; and Ryder et al., 2004) or are not prone to exposure due to their behavioral patterns. For example, benthic organisms may avoid oil exposure almost completely if the spilled oil stays afloat, whereas seals and whales spend (most of) their time in water, surfacing regularly to breath. The second reason is more technical in nature. It is typically easier to assess conditional probabilities and distributions the more explicitly they are defined. Studies on expert bias indicate that, in general, eliciting two or more conditional probabilities (for example, vulnerability and sensitivity), which are then recomposed to the target probability (for example, of acute impact) using probability calculus, results in better calibrated expert assessment than eliciting the target probability directly (see O'Hagan et al., 2006 p. 70-74 and references therein) .
Vulnerability and sensitivity of biota depend on both the type of oil spilled (Oil type) and timing of the accident (Season). Oil type affects the vulnerability of individuals, since, for example, heavy oils that sink quickly to the seafloor may never reach organisms inhabiting surface waters. In addition, the oil type affects both the physical and biochemical lethality of oil: light oils tend to be more toxic and less adherent than heavier ones (Transportation Research Board, National Research Council, 2003; Lee et al., 2015) . Season influences sensitivity because it determines the proportion of offspring within a population, and offspring are typically more sensitive to oil than adults (for example Malins, 1977; Leighton, 1993; Carls et al., 1999; AMAP, 2010 Nevalainen et al., 2017) . The nodes correspond to the variables that constitute the minimum requirement for determining the impact of an oil spill on biota and the arrows describe the dependence structure between these variables. An arrow from one node to another indicates that the state of the receiving node is conditionally dependent on the state of the originating node. For example, oiled area depends on oil type, spill size, location, and season. Nodes and arrows with dashed lines denote variables in a more holistic risk assessment, where we have knowledge on the spatially determined variables. In this paper, we concentrate on the variables with solid lines that define the impacts on biota within the oiled area. Since combating an oil spill in the Arctic is difficult after an accident, risk control measures should be applied to the four variables at the top proactively, by managing when, what kind, where, and how much oil is shipped. Even without spatial knowledge, risk can be managed by altering the type of oil spilled and the season when it is shipped. both the fate of oil and habitat preferences of many species and therefore, also their vulnerability.
It should be noted that vulnerability and sensitivity also describe the expected proportion of a population within an oiled area that will encounter oil and the expected proportion that will die due to an encounter. Hence, the fate of a randomly chosen individual follows the Bernoulli distribution with the probability of death equal to p = vulnerability × sensitivity and therefore, the probability of survival equal to (1 − p). Hence, p describes the expected proportion of a population within the oiled area that will die due to oil (acute impact).
Functional groups
Our oil spill risk assessment framework focuses on functional groups rather than individual species (Nevalainen et al., 2017) , since the variety of functional groups is more likely to affect stability of an ecosystem than the number of individual species within it (Allaby, 2010) . Additionally, this approach also serves as a practical simplification in the Arctic where comprehensive species data are almost always lacking (Nevalainen et al., 2017) . According to our definition, a functional group is not only based on the role that species play in an ecosystem, but also by taking into consideration the main features that contribute to how and on what time-scale oil affects the species, such as mobility, feeding and breeding behavior, and different tolerance levels. It has been suggested that the functional groups which should be considered in an Arctic oil spill risk assessment are apex predators, seals, bottom-feeding mammals, toothed whales, baleen whales, anatids, seabirds, pelagic fish, demersal fish, benthic invertebrates, shoreline invertebrates, ice-associated invertebrates, and water column invertebrates (for more detailed description of the groups, see Supplementary material and Nevalainen et al. (2017) ).
Accident scenarios
To obtain a comprehensive understanding of the risks posed by potential oil spills, we assessed the oil spill impacts under 12 different accident scenarios. Each accident scenario is a combination of a season (timing of an accident: spring (approximately from March to June), summer (approximately from July to September) or autumn (approximately from October to November), classified according to Kaiser et al., 2011) and the type of oil spilled (extra heavy, heavy, medium, or light oil (see Table 1 )). See Supplementary material for more detailed description of the seasons and oil types.
When spilled, the chemical composition and physical characteristics of oil start to change, a phenomenon called weathering (Lee et al., 2015) . As weathering processes in Arctic are difficult to predict (Fingas and Hollebone, 2003) , we only included fresh oil in the study. In practice, this means that experts were asked not to consider, for example, fumes from evaporating oil, or oil encapsulated in ice floes. The timespan that was considered in the study covered the first two weeks after an accident, described as the 'spill in progress' phase by Boehm and Page (2007) . According to Boehm and Page (2007) , during this period the oil at the water's surface is likely to have maximum exposure potential. We assumed that oil spreads evenly across a hypothetical, non-isolated Arctic marine environment containing all the functional groups studied (Section 2.2), and vulnerability depends on organisms' behavior (for example ability to flee) and use of habitat (for example sea surface, shore, cliff), and the characteristics and fate of the oil (Table 1) .
Materials and methods
Expert elicitation refers to a synthesis of expert opinion and is often used to quantify uncertainty. The method is applied particularly when other data are limited or lacking altogether, and it is widely utilized in environmental risk assessment, especially for events for which there are no data or prior experience (Burgman, 2005) . For detailed guidance on the theory and practice of probabilistic expert elicitation, see O'Hagan et al. (2006) .
Expert recruitment
We identified experts on all the functional groups (Section 2.2) by searching literature databases such as Web of Science and ResearchGate for authors who had published research related to our study subject (searched with such keywords as Arctic, oil, oil spill, polar bear, seabird, etc.). The experts we contacted included scientists working in the fields of, for example, marine biology, environmental science, and ecotoxicology.
We carried out the elicitation remotely, since the experts were distributed around the globe. When contacting the potential experts by e-mail, we shortly described the purpose and the structure of the study. We only contacted experts that, based on their research profile, were assumed to have sufficient knowledge to answer the questions. In the invitation letter we did not explain in detail why the individual was included in the pool of experts (see Supplementary material). After they had seen the background material and the questionnaire, however, we let the potential experts assess whether their expertise was sufficient to participate in the study or not themselves. Contacted experts were asked to recommend other potential experts regardless of whether they themselves decided to answer or not. In total, we sent the questionnaire to 114 potential experts and to 21 additional experts suggested by those contacted initially.
The questionnaire and data processing
The material used in the expert elicitation consisted of a questionnaire and background material. Before contacting the potential experts, we tested the study material with seven scientists, who do not study the Arctic, but who we believed understood the topic well enough to be able to appropriately test the questionnaire. Based on their comments, we made some improvements to enhance its readability and clarity.
The questionnaire included two questions for each accident scenario:
Question 1, Vulnerability: What is the probability that an individual comes into contact with oil given there is oil in the area?
Question 2, Sensitivity: What is the probability that an individual dies due to contact with oil?
Both questions were asked under the different accident scenarios (Section 2.3) for key functional groups (Section 2.2), and separately for adults (individual at reproductive age) and offspring (individual young enough to depend on a parent unless otherwise specified, see Supplementary material for a more detailed description). We gave precise definitions of all the terms used (for example "area" and "contact") in Table 1 Fate and lethality of different oil types considered in this study. We considered four oil types (classified based on Fingas and Hollebone (2003), Transportation Research Board, National Research Council (2003) , and Brandvik et al. (2006) the background material (see Supplementary material). For offspring, the experts were asked to consider only the direct death caused by oil, not death due to perished parents. We advised the experts to consider, if necessary, either a hypothetical, average representative species of a functional group or a specific example of a species belonging to that functional group. Under each scenario experts were asked to consider, for example, in which habitat type the individuals are living during that season, how they acquire food, and how they behave when oil is in their habitat (for example, are they able to avoid oil). Twelve accident scenarios and two life-stages resulted in total of 48 questions per functional group. The questionnaire was implemented as an interactive Microsoft Excel spread sheet (see Supplementary material). Experts gave their answers in form of probability distributions, and the questionnaire drew a histogram of their answers to allow the expert to follow the realization of their logic. This was deemed to be important, as a graphical representation of the expert's response helps the expert to ensure that his/her beliefs are represented reasonably (O'Hagan et al., 2006; , and indeed, this feature received positive feedback from the experts. Probabilities were discretized into ten classes from 0-10% (very unlikely) to 90-100% (very likely). Experts assigned a relative weight (probability) for each class on their chosen scale. The spread of the distribution reflected expert's uncertainty about his/her assessment. The experts had an opportunity to justify their chosen probability distribution after each question, but the reasoning was not required.
We developed our own elicitation tool, as none of those available included all the features we felt were necessary. That is, the tool needed to 1) provide an interactive interface, requiring minimal practice to use, 2) allow the experts to report their beliefs through relative comparisons between alternative vulnerability and sensitivity values using a scale convenient for them, and 3) allow the experts to replicate their answers easily should they wish to assign same probability distributions for several questions. We implemented the elicitation tool using Microsoft Excel, since it is a familiar tool for most people, thus minimizing the effort required from experts. The elicitation tool, the invitation letter and background material sent to the potential experts, and the probability distributions provided by the experts are available as Supplementary material.
After acquiring the expert elicited distributions for vulnerability and sensitivity, we calculated the distribution for acute impact for each expert. This was done by sampling values of vulnerability and sensitivity from their respective distributions and multiplying these pointwise to produce a distribution for acute impact. In order to obtain a single distribution for each scenario we pooled the expert assessments by calculating the empirical average of the distributions provided by experts. The empirical average has been proven to work well in similar expert assessment tasks (O'Hagan et al., 2006 ) and hence we preferred it over the more difficult, though theoretically better justified supraBayesian approach (Lindley and Singpurvalla, 1986 ; see also O'Hagan et al. (2006) for detailed discussion on alternative pooling methods.)
Results
Elicitation process
We obtained results for three functional groups: seals (3 experts), anatids (5 experts), and seabirds (7 experts). Two experts answered the questions for seals and both bird groups, and five experts answered the questions for both bird groups, resulting in a total of eight experts. The response rate varied from 0% (apex predators, bottom-feeding mammals, whales, fish, and invertebrates) to 9% for seals, 23% for anatids, and 32% for seabirds. The group-specific response rates are approximate, since they are based on our assessment of experts' field of expertise and which functional groups we assumed they would be able to provide responses for.
Quality of answers and consensus of experts
In general, there was strong consensus between expert assessments, the most remarkable differences being in the assessments of birds' sensitivity. Some the experts considered death to be near certain, while there is more uncertainty in others' estimates. Seal experts agreed more than bird experts, but this may be partly explained by the lower number of seal experts. For birds, the estimates concerning medium and heavy oils have less variation than estimates related to extra heavy and light oils, but for seals the opposite holds true. Experts' opinions were most unanimous when assessing the vulnerability of adult seals to extra heavy or light oil. Some of the variation may be explained by different interpretations of the questions (Section 5.1).
Six experts chose to justify (some of) their answers in the reasoning portions of the questionnaire. Most of the justifications described expert's reasoning and how they had interpreted some of our terminology. For example, some experts specified whether they were considering bird offspring to be eggs or chicks in spring scenarios, and some experts specified whether they were thinking about a specific example species or genera within the functional group. According to these written answers, experts had understood the questions as we had intended.
Functional group specific results
Results for vulnerability, sensitivity, and acute impact (calculated as the product of the two preceding variables) are shown in Figs. 2-4 (for the original distributions see Supplementary material). Here, we highlight only the most important results. In general, the probability distributions for medium and heavy oil resemble each other closely. Although all functional groups were assessed to be as sensitive to extra heavy oil as they were to medium and heavy oils, extra heavy oil appears to lead to less severe acute impacts because it is less likely to be encountered (vulnerability). Light oil seems to be both less lethal (sensitivity) and less likely encountered (vulnerability) than heavier oils. Further, it seems that there is less variation in vulnerability and sensitivity (and thus in acute impact) between seasons than there is between oil types.
Vulnerability
For adult birds, vulnerability varies significantly between oil types. Further, their vulnerability was assessed to be the lowest during autumn, whereas offspring's vulnerability was assessed to be strikingly low during spring. During summer and autumn the difference between adults and offspring is small. Experts assessed anatids' vulnerability to be higher than that of seabirds, while seals have the lowest vulnerability overall. For seals, vulnerability does not depend on season, oil type, or an individual's age as much as it does for birds. The vulnerability of seals and anatids to medium and heavy oils was higher than their vulnerability to light and extra heavy oils. For seabirds, extra heavy oil seems least likely to be encountered, while the rest of the oil types have been assigned relatively similar probability distributions. In general, the organisms' life stage seems to have a greater influence on vulnerability than on sensitivity (Section 4.3.2).
Sensitivity
The two bird groups are more similar in terms of sensitivity than vulnerability. The sensitivity of birds is always higher than sensitivity of seals. For seals, life stage has a greater impact on sensitivity than on vulnerability. For seal offspring, there seems to be significant variation between seasons, spring being the season with the highest sensitivity regardless of oil type. Sensitivity was lower for adults than offspring in all studied groups, and light oil seems to be the least deadly for all life stages in all groups studied.
Acute impact
Adult birds' acute impact does not vary much between seasons.
However, the acute impact for bird offspring during spring is low compared to other seasons. In other seasons, there are no large differences between offspring and adult birds. For seals, the acute impact is always relatively low, yet it is lower for adults than for offspring. Although there are some differences between seasons for all groups, it seems that the impact varies considerably more between oil types, as medium and heavy oils have distinctly greater impact when compared to extra heavy and light oils. The highest acute impacts (considering both seals and birds) occur if medium or heavy oil is spilled during summer or autumn, and the lowest acute impacts relate to a springtime spillage of light or extra heavy oil.
Discussion
Vulnerability, sensitivity and oil spill impacts
In this paper, we have discussed the acute impacts of Arctic oil spills on three Arctic functional groups -seals, anatids and seabirds -determined using expert elicitation. Generally, our results are in line with the earlier studies about the impacts of oil spills in temperate regions. Seals are believed to be less affected by spilled oil than aquatic birds (French-McCay, 2004; Lecklin et al., 2011) , and anatids are estimated to be at higher risk than seabirds (King and Sanger, 1979; Lecklin et al., 2011) . Our results agree with this information. Moreover, it is widely recognized that offspring are more sensitive to oil than adults (AMAP, 2010 and references therein). This can be seen in our results as well, as experts assessed that at least during spring, the sensitivity of offspring is higher than those of adults. In contrast with previous findings (AMAP, 2010 and references therein), however, according to our experts, the risk posed by spilled oil does not seem to be much greater for offspring than it is for adults. The relatively low risk spilled oil poses to offspring is due to their low vulnerability, as specified by the experts.
Our results suggest that the fate of oil plays a key role in determining the sensitivity and vulnerability of Arctic functional groups. Medium and heavy oil seem to be the most dangerous oil types to both seals and birds, and oil type has a greater effect on an oil spill's impact than season does, as is demonstrated by the higher degree of variation between oil types than between seasons. Although the changes in acute impacts are smaller between seasons than between oil types, the risk posed by Arctic oil spills varies temporally nevertheless. This implies that seasonality should also be considered in risk analysis when assessing the impact on biota, not just as a variable driving weather conditions or, at best, the presence of offspring, as is normal practice (for example French-McCay, 2004; Lecklin et al., 2011; Afenyo et al., 2017) . Our results suggest that the risk to Arctic animals could be managed by regulating the type of oil shipped and the time of shipping.
However, it should be noted that these results do not account for the distribution of individuals and thus do not provide information about population-level risks as such. Hence, these results should be combined with distribution and abundance estimates if they are to be used in population-level risk assessments in a specific area. The populationlevel vulnerability may differ from the individual-level vulnerability (estimated here) due to, for example, aggregation behavior. As we only considered individuals under the assumption that they are located in an area exposed to oil, one individual's vulnerability was not assumed to interrelate with that of another's. At the population-level, solitary animals, such as polar bears and seals, may be at lower risk than animals that tend to form large aggregations, such as many birds and fish (AMAP, 2010), since in the latter case, larger a proportion of individuals may be within the oiled area, if oil reaches a population's distributional range. Further, a comprehensive population-level risk assessment should also take into account the locations of potential spills, as an oil spill in the open sea can be harmful to different groups than an oil spill taking place near the coast. Moreover, extending the assessment from acute to long-term population-level impacts would require additional information on, for example, the recovery potential of different functional groups (Nevalainen et al., 2017) .
The reasoning provided by some of the experts in the open explanation fields of the questionnaire was particularly useful for the interpretation of the results regarding bird offspring during spring. The answers show that during spring, some experts considered the offspring as eggs and some as chicks, which explained the rather large differences between experts' distributions for spring. This variation in answers can be seen to arise from linguistic ambiguity, for which reason the term 'offspring' should have been defined more carefully. Linguistic ambiguity is a common problem in expert elicitation studies (e.g. Burgman, 2005) , and problems related to it can be alleviated by using procedures that enable experts to jointly discuss the definitions (e.g. Uusitalo et al., 2005; Hemming et al., 2017 , see also Section 5.2). If the variation in responses about bird offspring was due linguistic ambiguity alone, pooling the expert responses did not achieve the desired outcome and the experts should have been asked to revise their answers based on a clarified definition of the term 'offspring.' We chose not to do this in the case of bird offspring answers for the following reasons: In reality, there is uncertainty about the timing of the breeding season since, for example, the hatching period of chicks may vary between years. Hence, the variation in the experts' answers and the resulting wide pooled probability distribution is expected to reflect the true situation well, since a spill happening in springtime may affect eggs, chicks, or both. However, since experts assessed the effects of oil to be different for eggs and chicks, we recommend future studies on the topic to include more specific life-stages when relevant and potentially to ask experts about the proportion of offspring they expect to be at each life stage. This would allow for a more detailed analysis of the reasons behind the variability in expert answers and in oil spill risks.
When the results are applied in further risk analyses, special attention must be paid to the fact that we treated adults and offspring separately in order to enable comparison between life stages. We asked the experts to consider only offspring's death due to their contact with oil, not due to their parents' death, and therefore, we do not have estimates of the overall mortality of offspring. To estimate the probability of offspring mortality as a result of parental death, we would need to assess the proportion of offspring that lose their parents, but are not oiled themselves and the probability of offspring death due to the loss of its parents. Both estimates are highly species and season dependent, but in some cases, these probabilities could be estimated reasonably from our current results. For example, the general knowledge on the behavior of the three groups studied here (seals, anatids and seabirds) suggest that during spring the juveniles and adults may become oiled rather independently, whereas in summer and autumn these processes are highly correlated. That is, in spring juveniles are rather stationary, whereas adults are mobile when seeking for food, but later on, juveniles are likely to follow their parents or at least occupy the same habitat. These considerations are also reflected in our results: during spring vulnerability differs between juveniles and adults, but this disparity vanishes in the summer. Hence, in spring the probability for offspring to lose their parents, but not get oiled themselves can be estimated to be the same as the acute impact on adults. For the three groups studied here we expect that the total proportion of juveniles that die due to oil is well represented by the assessed acute impact. Still, if the results are to be used in further risk analysis, it should be remembered that they represent the assessment of only eight experts. Even though the results are in line with prior knowledge, they are arguably somewhat speculative.
Pros and cons of expert elicitation
Our results suggest that the experts understood the study questions well and were able to answer them on their own, which implies that the background information document worked as intended. We did not receive any negative feedback during the elicitation process or the preceding test process. Feedback was not required nor was it systemically collected, as the elicitation itself was already time-consuming. Still, many of the experts gave some unofficial comments while sending in their answers.
Despite the overall positive response to the elicitation activity, the response rate was low. The majority of the contacted experts did not reply at all. Those who answered, but did not want to participate in the study, usually felt that their expertise was not sufficient, i.e. they lacked confidence in their ability to determine what would happen in the event of an oil spill in the Arctic. Hence, the low response rate may be partly explained by our 'too optimistic' view of who should be considered an expert. For example, one potential expert declined because his research focused on chronic impacts of oil and therefore, he did not feel comfortable assessing the acute impacts. In this regard, face-to-face interviews could work better, since the interviewer could encourage the interviewee with sentiments like the following: an expert's best guess is valuable, and there is no single correct response . In addition, if a study like this were to be executed by a big research institute or a working group of, for example, the Arctic Council, it could lead to higher response rates, due to their already established network and reputation. For example, Cook et al. (2000) showed that in web-or internet-based surveys the number of contacts, personalized contacts, and precontacts are the factors increasing the response rate most, while respondents with professional or academic background are less likely to respond to surveys than layman. Moreover, the high number of questions may have limited the experts' willingness to participate (Hemming et al., 2017) and remotely implemented elicitations, in general, tend to have lower response rates compared to face-to-face interviews or workshops (Kuhnert et al., 2010) . Ultimately, since the impact of oil spills on arctic fauna is not yet popular study subject, finding and motivating experts is difficult. It is also worth considering that the difficulty in finding experts on most of the functional groups may point out some particularly large knowledge gaps.
The choices to build our own elicitation tool and to perform the elicitation remotely had several consequences. The approach is low-cost and less time-consuming compared to face-to-face interviews (Kuhnert et al., 2010) . Remote elicitation also enabled us to invite experts from all over the world more easily.
Alternatively, expert elicitation could be carried out via face-to-face interviews either separately for each expert or as a group interview (see for example Kuhnert et al., 2010; Hemming et al., 2017) . In general, face-to-face interviews have many advantages. For instance, the interviewer can form the probability distributions based on the discussion with the experts (Martin et al., 2012; Hemming et al., 2017) , which may improve the quality of results, if the experts have difficulties expressing their beliefs quantitatively (Martin et al., 2012) . Face-to-face interviews offer also better opportunities to solve, for example, possible linguistic ambiguity issues. Group interviews, in turn, may have certain advantages over individual interviews. It has been shown that discussion among experts can lead to better results in some cases (Burgman et al., 2011b; Hemming et al., 2017) . Further, allowing experts to agree together on the definitions of the quantities to be elicited (e.g. Uusitalo et al., 2005; Hemming et al., 2017) helps to reduce linguistic ambiguity.
However, face-to-face interviews have also some limitations. For instance, they may limit the number of questions that can be asked (Speirs-Bridge et al., 2010) , which is the key reason we chose not to conduct interviews through tele-or videoconferencing. However, we gave the experts the opportunity to arrange a video meeting with us if they considered that necessary. On the other hand, group interviews can introduce other types of biases. For example, experts' judgments can be strongly influenced by their peers (Heeren et al., 2017) , and group interviews can end up being dominated by certain individuals (Martin et al., 2012) . Younger scientists in particular may tend to answer based on the opinions of the older, more experienced scientists (Cialdini and Goldstein, 2004) . It is also evident that in our study faceto-face interviews would have required a considerable monetary investment, as we searched for experts from around the globe to participate in our study. For the same reason, the arranging a group meeting for the experts was also ruled out. When we communicated with the experts via email, we could have used a group email to allow discussion among experts (similar to . The experts, however, answered the questions at different times, since finding the experts was a long process, meaning that a group email may not have led to relevant discussion.
Our Excel-based elicitation tool was relatively simple. It required the experts to report their beliefs in predefined discrete classes rather than, for example, quantiles, expected values, and modes of the distributions, i.e. summary parameters that are typically used when eliciting continuous probability distributions. On the other hand, intervalbased elicitation is also advantageous, as it may, for example, reduce expert overconfidence (Haran et al., 2010) . In principle, we could have used tools tailored for probability distribution elicitation (see for example Morris et al., 2014; Chrysafi et al. (in press) , and especially Devilee and Knol, 2011) . Such tools could allow experts to report their beliefs with finer resolution and typically have graphical interfaces to aid the expert in formulating his/her probability distribution with the use of the above-mentioned summary parameters. However, the difficulty with many of these tools is that they do not scale well for many questions, and it would take some time for the experts to learn to use the tool. By contrast, most people are familiar with Excel, for which reason using it did not add extra complexity to the elicitation process. This was important, as we did not want the chosen methodology to limit the experts' willingness to participate in the study. Our Excel tool also had visual support for formulating the probability distributions, and the tool allowed experts to formulate his/her distributions by defining relative weights for different parameter ranges. These two properties have been shown to be important for reliable elicitation (O'Hagan et al., 2006) .
The correctness of the elicited probability distributions is determined by two factors: they should accurately reflect the (i) experts' opinions and (ii) reality. Evaluating the first part is hard as it is nearly impossible to measure whether or not the elicitation process has adequately captured experts' 'true' beliefs (O'Hagan et al., 2006) . As our interviewees were (natural) scientists, we assumed they were comfortable working with probability distributions. However, being familiar with probability distributions does not automatically lead to the ability to accurately translate one's beliefs into a probability distribution. Nonetheless, the interactive graphics in the elicitation tool was intended to help the experts to assess whether their beliefs were accurately presented by the probability distributions they assigned and this feature was praised by the experts. Hence, we believe that the results of the elicitation reflect our experts' knowledge with sufficient accuracy despite the shortcomings discussed here.
Evaluating the second criteria for the correctness of the elicited probability distributions -do the distributions reflect reality -is relatively easy when studying a data-rich topic. The elicited results can be assessed with analytical tests and calibrated with empirical data (Burgman et al., 2011a) . However, such an approach cannot be used when empirical data are lacking, as is the case with Arctic oil spill impacts. In this study, we can only compare the elicited results to prior knowledge about oil spill impacts. The expert assessments in this study are in line with literature and this enhances their credibility. Nevertheless, it is impossible to quantitatively measure how well the results reflect reality when there is no 'hard data' to compare the results to. Then again, if we already had comprehensive data on the topic, we would not need to carry out an expert elicitation. In principle, we could have used a set of questions related to the topic to test experts' knowledge and to get them familiar with the elicitation procedure (see e.g. Burgman et al., 2011a; Martin et al., 2012) . However, finding context-specific, relevant questions may have been challenging . We also felt that the elicitation process was demanding enough as it was and a training period or test survey could have further reduced the number of experts willing to dedicate their time to the study. Still, it is possible to exploit the use of test surveys to analyze the performance of experts (see, for example, Cooke (1991) and Colson and Cooke (2018) for assessing the quality of expert judgements, but also Clemen (2008) and Morgan (2014) for a counter-arguments against the 'Cooke method').
Comparing our experiences with other elicitation studies dealing with relatively similar topics is difficult for several reasons. This is the first expert elicitation study focusing on oil spill impacts on Arctic biota, and there have not been many elicitation studies done on oil spills in general. For example, Lecklin et al. (2011) studied oil spill impacts in the Baltic Sea and used expert assessment to validate probability distributions assigned by the first author. However, the paper does not include information about the elicitation process as such. As another example, Merrick et al. (2000) used expert elicitation to assess accident probabilities in the Prince William Sound, Alaska. While they discuss the elicitation process in a more detailed way, they too fail to report, for example, the success rate of expert recruitment, but focus on the results instead. In general, most elicitation studies are result-orientated and the papers with a more methodological focus tend to be manuals offering general guidelines on the topic (see for example Kuhnert et al., 2010; Hemming et al., 2017) . Hence, we encourage the future expert elicitation studies to report the elicitation process in detail and especially the lessons learned.
There are a number of biases which may affect the results of an expert elicitation. Cooke (1991) and O'Hagan et al. (2006) provide comprehensive descriptions of the most typical sources of bias and some solutions to mitigate them. The most relevant source of bias in this study is likely the anchoring effect, which refers to experts' tendency to begin the estimation process with an initial estimated value (an anchor) and then to produce the subsequent estimates by simply adjusting the first (Tversky and Kahnemann, 1974) . The strategy, known as the anchoring heuristic, is efficient for repetitive, similar judgements. However, people tend not to deviate much from their initial value and therefore, may not adjust it sufficiently for the subsequent estimates. Since the study consisted of large number of similar questions, it is likely that the experts used the anchoring heuristic. In addition, bias may arise from overconfidence if (some of) the experts, for one reason or another, underestimate the uncertainty in their own knowledge. Some of the experts included more uncertainty in their estimates than others, and it is nearly impossible, in data-poor cases, to evaluate whether these differences in uncertainty were due to differences in knowledge or in self-confidence. If there were data available on the topic, experts' knowledge could be measured and analyzed and the possible overconfidence estimated. However, Haran et al. (2010) have shown that by eliciting quantitative values as interval estimates and thus forcing the experts to consider the entire range of possible answers to each question, one can significantly reduce overconfidence.
The limited number of experts participating in the study is also a potential source of bias. However, the experts involved represent the current knowledge from around the globe, and we did not limit the number of experts deliberately. Further, there were no conflicts of interest, none of the experts stood to gain anything regardless of their answers. Still, it has been shown that the personal values experts hold may influence their judgements, even when the experts are highly trained and well-educated on the topic (Heeren et al., 2017) , and those willing to devote their time to the study were not necessarily those with most experience. Then again, Burgman et al. (2011b) showed that experience of experts does not necessarily correlate with their performance. In this study, we did not recognize signs for self-selection bias which may arise when individuals select themselves into a group (in this case the group of experts participating in the study) possibly causing bias if people in the group have different characteristics than people not in the group. We only invited those we believe to be competent to participate in the study and did not recognize any systematic pattern in the background or level of expertise (informally assessed by us) between those who answered and those who did not.
To some extent, the reliability of expert assessments can be deduced from cross-referencing the probability distributions assigned by independent experts. It is informative to examine where experts' opinions are consistent and where they are most scattered, as the latter may underline uncertainty related to the topic, and need for additional assessments. Alternatively, scattered results could indicate some ambiguity in the questions. The more consistent the responses of independent experts are, the more reliable and realistic they can be considered to be. In this work, the expert assessments were rather consistent, since the pooled distributions are rarely multimodal and the variation among experts is rather modest. The fact that the individual expert assessments are relative unanimous suggests that the experts have understood the questions in the same way and the results are likely to represent scientific consensus. However, it is important to bear in mind that scientific consensus does not automatically mean that the results reflect reality. The experts' answers may not be as independent as it, at first sight, seems, since the experts may share similar education backgrounds, they typically read same research papers, and, in general, their answers are affected by the current scientific knowledge on the topic. Hence, if the current scientific understanding of oil spill impacts was erroneous, the individual responses would tend to be similarly erroneous as well.
As field data on Arctic oil spill impacts are lacking now and hopefully in the future as well, and laboratory studies cannot provide sufficiently comprehensive knowledge, expert elicitation is likely to continue to be an essential source of information. Hence, there is a need for the further development of methodologies to estimate the reliability of expert assessments in data-poor situations.
Summary of the approach
Although our questionnaire was relatively detailed, we made several assumptions to keep the number of questions and the contribution required from the experts reasonable. A major simplification was our decision to focus only on undissolved and undispersed oil. We assumed it would be easier for the experts to consider only unmixed oil and not the toxic compounds in the water column, since the more restricted the events are that experts need to assess the easier it generally is for the experts to make their assessment (O'Hagan, 1988; O'Hagan et al., 2006) . In addition, the lethality of the dissolved and dispersed oil can, at least in theory, be determined by ecotoxicological meta-analysis, exploiting toxicological data from temperate species (Lee et al., 2015) . Moreover, we limited the study to only the acute impacts of oil spills, since including the chronic, long-term impacts would have complicated the study significantly. Still, they could be studied using the same method. It should be noted that while focusing on unweathered oil may be justified when studying acute impacts on a two-week timespan, a study of the longer-term impacts would undoubtedly require the inclusion of the effects of weathered oil as well.
In the light of the results obtained, the elicitation methodology and its implementation seem promising, but not problem-free. Based on the responses we received, the feedback from the experts, and the comparison of our results to earlier literature, we conclude that our study method can inform us about which functional groups are in the greatest danger from spilled oil in Arctic and whether the risks change with season, oil type or life stage. The main strengths of the proposed elicitation method are the feasibility of the online approach, since the experts are from around the globe, the upgradability of the results when new data arrive, and the incorporation of uncertainty. The latter is an important step forward in the field, as modeling exercises that apply only single values instead of full probability distributions might result in overconfidence. This is a valid concern especially in research related to data-poor environments like the Arctic. Knowledge expressed as probability distributions has a wider exploitability than point estimates, and probability-based results are easily applied to risk assessments, which, in essence, includes both possible harmful impacts and the probability of these impacts (for the concept of risk, see e.g. Kaplan and Garrick, 1981; Burgman, 2005) .
We aimed to gain information that is comprehensive and can be applied to risk assessments and in planning potential management measures. Less quantitative methods, for example questionnaires with different or fewer questions, or different response styles could have led more experts to devote their time to answering the questionnaire. Then again, the responses would provide a less detailed picture of the risks related to oil spills. As pointed out by Shephard and Kirkwood (1994) , when eliciting probability distributions that accurately represent experts' knowledge, compromises may be required in obtaining and retaining experts' interest and attention. We wanted to gain the type of understanding we believe can be combined with oil spill models and species distribution models to enable spatial Arctic risk analyses (see Nevalainen et al., 2017) . Such analyses could concretely benefit Arctic conservation, since shipping routes could be designed based on the spatially and temporally varying risk, and in the event of an accident, oil combating resources could be allocated to areas with the highest ecological risk. If the risk posed by oil spills is to be managed by favoring the safest shipping routes, future research should pay attention to spatiotemporally varying accident probabilities and oil spill response capacity. In order to assess risk at the ecosystem-level, more functional groups should also be analyzed, and the analyses should be extended to long-term impacts. The more comprehensive the risk map, the safer shipping routes can be designed to be.
Conclusions
The expert elicitation approach carried out in this paper introduces a novel way of studying the vulnerability and sensitivity of Arctic biota to oil. While finding and motivating competent experts proved to be difficult, the approach is still useful since the results obtained are logical and in line with the current knowledge about oil spills in temperate regions. In addition, because experts' uncertainty about the topic was included in the study by estimating vulnerability and sensitivity as probability distributions, the use of these results in an oil spill risk assessment would produce a more realistic knowledgebase. The results suggest that medium and heavy oils are the most harmful oil types to Arctic seals, anatids, and seabirds. Moreover, the impact oil spills have on these functional groups varies between seasons, with the greatest impact occurring during summer. Hence, the risk Arctic shipping poses to biota could be managed by regulating the type of oil shipped and the seasonal timing of the shipment. When it comes to oil spill risk management, it is best to use models founded on expert knowledge alone, if the alternative is to delay decision making until empirical data becomes available (Kuhnert et al., 2010) .
